Pulsed Laser Deposition of Functionally Gradient Diamond-Like Carbon (DLC) Films Using a Picosecond Laser by Cho, Hongrae
  
저작자표시-비영리-변경금지 2.0 대한민국 
이용자는 아래의 조건을 따르는 경우에 한하여 자유롭게 
l 이 저작물을 복제, 배포, 전송, 전시, 공연 및 방송할 수 있습니다.  
다음과 같은 조건을 따라야 합니다: 
l 귀하는, 이 저작물의 재이용이나 배포의 경우, 이 저작물에 적용된 이용허락조건
을 명확하게 나타내어야 합니다.  
l 저작권자로부터 별도의 허가를 받으면 이러한 조건들은 적용되지 않습니다.  
저작권법에 따른 이용자의 권리는 위의 내용에 의하여 영향을 받지 않습니다. 
이것은 이용허락규약(Legal Code)을 이해하기 쉽게 요약한 것입니다.  
Disclaimer  
  
  
저작자표시. 귀하는 원저작자를 표시하여야 합니다. 
비영리. 귀하는 이 저작물을 영리 목적으로 이용할 수 없습니다. 
변경금지. 귀하는 이 저작물을 개작, 변형 또는 가공할 수 없습니다. 
  
 
 
 
 
Pulsed Laser Deposition of Functionally Gradient 
Diamond-Like Carbon (DLC) Films Using a 
Picosecond Laser 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Hongrae Cho 
 
Mechanical Engineering Program 
Graduate School of UNIST 
 
2012 
  
 
 
 
 
Pulsed Laser Deposition of Functionally Gradient 
Diamond-Like Carbon (DLC) Films Using a 
Picosecond Laser 
 
 
 
 
 
 
 
 
Hongrae Cho 
 
 
 
 
 
 
 
 
Mechanical Engineering Program 
Graduate School of UNIST 
 
 
 
  
 
 
 
Pulsed Laser Deposition of Functionally Gradient 
Diamond-Like Carbon (DLC) Films Using a 
Picosecond Laser 
 
 
 
A thesis 
submitted to 
the Graduate School of UNIST 
in partial fulfillment of the 
 requirements for the degree of 
Master of Science 
 
 
 
Hongrae Cho 
 
 
06.08.2012 
Approved by 
 
                    
Major Advisor 
Hyungson Ki 
  
 
 
 
Pulsed Laser Deposition of Functionally Gradient 
Diamond-Like Carbon (DLC) Films Using a 
Picosecond Laser 
 
 
 
Hongrae Cho 
 
 
This certifies that the thesis of Hongrae Cho is approved. 
 
 
06.08.2012 
 
                                                                             
                                       Thesis Supervisor: Hyungson Ki                                   
                                         
Heungjoo Shin: Thesis Committee Member #1 
                                     
Jeongmin Baik: Thesis Committee Member #2
I 
 
Abstract 
 
 
In the part 1, functionally gradient diamond-like carbon (FGDLC) films are fabricated using a novel 
pulsed laser deposition technique to enhance adhesion strength. A 355 nm picosecond laser beam is 
split into two beams, and the power of each split beam is changed individually by a motorized beam 
attenuator as a function of time. In this way, two laser beams with customized time-varying powers 
are available for ablating two different target materials. Two beams are irradiated on graphite and 
316L stainless steel targets, respectively, in a vacuum chamber, and the produced dissimilar plasmas 
are mixed in space before they are deposited on a stainless steel 316L substrate. Using this method, 
we have built FGDLC films with a thickness of ~510 nm, where the composition changes gradually 
from stainless steel to DLC in the direction of deposition. We have confirmed that FGDLC films 
show much higher adhesion strength than normal DLC films. 
 
In the part 2, we experiment about nine different materials when laser irradiates each material. 
During laser ablation process two mass removal modes exist, melting and vaporization. Evaporation 
and homogeneous boiling are consist of vaporization. After the boiling temperature, evaporation starts 
from boiling point and homogeneous boiling starts near 90% of the critical point. From this 
theoretical background some experiments are conducted. 
And also we have found many properties for each material and sorted elements, which have similar 
properties except critical point. From this experiment, we observed different shapes of different 
materials. 
 
Keywords: Functionally gradient film, Pulsed laser deposition, Diamond-like carbon (DLC), 
Picosecond laser, Adhesion strength 
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PART 1 
 
Pulsed Laser Deposition of Functionally Gradient Diamond-Like 
Carbon (DLC) Films using a Picosecond Laser 
 
1.1. INTRODUCTION 
 
Amorphous carbon with a significant fraction of sp3 bonds is often referred to as diamond-like 
carbon (DLC). DLC exhibits atomic densities greater than 3.19 g/cm3, which is much closer to that of 
diamond (3.51 g/cm3) than that of graphite (2.26 g/cm3) [1]. Besides, DLC exhibits desirable 
properties, such as high thermal conductivity, biological and chemical inertness, optical transparency, 
high mechanical hardness, wear resistance, and low friction coefficient similar to those of diamond. 
Owing to their superior properties, DLC films have found a wide variety of applications including 
medical areas. For example, DLC is an ideal coating material for hip and knee joint prostheses 
because it is extremely hard (hardness of more than 80 GPa), atomically smooth, wear resistant, 
chemically inert and biocompatible. Past and recent developments in synthesis and processing, 
properties and modeling of hydrogen free superhard amorphous DLC are comprehensively reviewed 
in [2]. 
DLC films can be fabricated using a number of different methods, such as ion beam deposition, 
sputtering, cathodic arc deposition, pulsed laser deposition (PLD), and plasma enhanced chemical 
vapor deposition (PECVD) [3]. Unfortunately, however, a very large internal compressive stress (~10 
GPa) exists in DLC films regardless of the growth technique, and the film starts to peel off from the 
substrate when this large compressive stress reaches a certain level. Therefore, DLC films are 
generally limited to a thickness of 0.1 ~ 0.2 μm [1, 4]. To overcome this adhesion problem, several 
techniques have been developed by researchers. For example, Ferhat Bülbül et al. used metallic 
interlayers (TiC) to increase the adhesion strength of DLC film on titanium [5]. However, this 
multilayer process is somewhat complicated to implement. 
In this study, in order to enhance the adhesion strength and increase the critical thickness of the 
DLC film, we propose a novel pulsed laser deposition technique for producing functionally gradient 
DLC (FGDLC) films. In this approach, a 355 nm picosecond laser beam is split into two beams, each 
of which is controlled individually by a motorized beam attenuator. Two beams are irradiated on 
graphite and stainless steel 316L targets located in a vacuum chamber respectively, and the produced 
dissimilar plasmas are mixed in space before they are deposited on a stainless steel 316L substrate. In 
this way, the composition of the film can vary gradually from stainless steel 316L to DLC as the 
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deposition process goes on, and we believe that using this method the internal stresses can be reduced 
significantly and the adhesion strength can be improved. In this study, we have fabricated normal 
(pure) DLC films and FGDLC films, and compared their adhesion characteristics. The result shows 
that FGDLC films have much better adhesion characteristics than normal DLC films. To the best of 
authors’ knowledge, this is the first attempt to build a functionally gradient DCL film, which is 
completely different from a multilayer DLC film with sharp interfaces. Unlike previous multiplayer 
techniques, the presented method is capable of fabricating a DLC film with a continuously varying 
composition profile, which is very effective in mitigating internal stresses at the interface of dissimilar 
materials. Furthermore, this method is not limited to stainless steel-DLC functionally gradient films 
and can be easily applied to other materials and applications. 
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1.2. EXPERIMENT 
 
 
Figure 1.1 Schematic view of the experimental setup 
 
1.2.1. Experimental setup 
 
In this study, a 355 nm wavelength, 6 W picosecond laser (Coherent Talisker 355-4) with a pulse 
energy of up to 30 μJ has been used as an energy source. The pulse repetition rate is 200 kHz and the 
pulse width is 10 ~ 15 ps. It was reported by Rode et al. that the picosecond laser PLD produces high 
surface quality DLC films than more commonly used nanosecond lasers [6]. Furthermore, 355 nm 
wavelength is advantageous in producing DLC films because, as reported in [7], a shorter wavelength 
laser has a lower threshold intensity to produce DLC. In this study, the laser has a maximum of 
~5.3x1011 W/cm2 peak laser intensity when a focused beam diameter of 35 μm is used. Therefore, we 
expect that DLC films with a significant amount of sp3 bonding be produced (Figure 1.2). 
The laser beam is split into two beams using a beam splitter, and each split beam passes through 
a motorized beam attenuator (Metrolux ML 2100). These motorized beam attenuators are connected 
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to a PC through a controller (Metrolux ML 8010). We have written a LabVIEW program to control 
the two attenuators by integrating the laser shutter, the two attenuators and the controller, so that the 
intensity of each split beam can be changed as a function of time individually (Figure 1.3). When the 
laser shutter is opened, the two attenuators operate simultaneously, in such a way that the laser power 
for the stainless steel 316L target decreases while that of the graphite target increases linearly to build 
a functionally gradient DLC layer, upon which an additional pure DLC layer is deposited. 
 
 
Figure 1.2 Schematic representation of fluence-wavelength regions for the growth of diamond-
like and graphite-like films in pulsed laser ablation from graphite targets. The wavelengths (in 
nanometers) of the five most commonly used lasers are indicated on the right [7]. 
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Figure 1.3 Front panel of LabVIEW program 
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Figure 1.4 The vacuum chamber and optical setup 
 
Figure 1.5 The Cross-beam PLD system and ICCD setup 
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1.2.2. Targets and substrate 
 
After passing through the beam attenuator, each beam is focused on a target at an incidence angle 
of 57° onto the targets. In this study, high purity graphite (99.999 %) and stainless steel 316L are used 
as targets (Figure 1.6), and stainless steel 316L is used as the substrate. In medical areas, stainless 
steel 316L is commonly used for joint prostheses (e.g., shoulder, hip and knee) [8]. Stainless steel 
316L consists of 0.03 C, 2.0 Mn, 18 Cr, 12 Ni, 2.5 Mo, 0.045 P, 0.03 S (all in wt. %) and Fe balance. 
Stainless steel 316L wafers are mechanically polished with emery papers of grit 400, 800 and 1200 
before they are finally polished with 0.05 μm alumina suspension. The substrates are cleaned in an 
ultrasonic bath consisting of deionized water for 30 min in order to remove chemical residues. 
 
 
Figure 1.6 (a) Graphite target (b) 316L stainless steel target 
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1.2.3. Objective 
 
Figure 1.7 shows a schematic view of the FGDLC film on a stainless steel 316L substrate. By 
varying the composition gradually from stainless steel to DLC, we believe that adhesion strength can 
be improved significantly and, therefore, much thicker films and coatings with better mechanical 
stability can be obtained. 
 
 
Figure 1.7 Schematic view of functionally graded DLC/316L stainless steel film (black: stainless 
steel 316L, white: DLC) 
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1.2.4. Plasma monitoring 
 
In order to make good quality films, two dissimilar plasma plumes from graphite and stainless 
steel targets must be mixed uniformly before they are deposited onto the substrate. In this study, we 
have found the optimal distances and angles between two targets and substrate by monitoring the 
plasma dynamics using a high-speed intensified CCD (ICCD) camera (PicoSTAR HR). The ICCD 
camera is placed perpendicular to the direction of plasma expansion (Figure 1.5). 
 
1.2.5. Analysis 
 
After the film is fabricated, film thickness is measured using a surface profiler (KLA-Tencor P-6). 
Film roughness can be also estimated from the same measurement. We have investigated surface 
morphology using optical microscopy and scanning electron microscopy (SEM) and carbon bonding 
characteristics using Raman spectroscopy. Raman spectra are collected using a 532 nm laser beam and 
are decomposed into two Gaussians to study the peak shift in order to obtain information on the 
bonding characteristics. The composition of the FGDLC film is studied using energy dispersive 
spectroscopy (EDS), and adhesion strength is measured using a scratch tester (CSM Instruments RVT). 
 
1.2.6. Deposition conditions 
 
The PLD process is performed at room temperature (~ 25°C) in a chamber evacuated using two 
turbo molecular pumps down to a pressure of ~10-6 Torr, and the distance between the target and 
substrate is approximately 4 cm. 
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1.3. RESULTS AND DISCUSSION 
 
1.3.1. Deposition rates 
 
Since graphite and stainless steel 316L are completely different types of materials, they have 
different deposition rates. Therefore, an investigation of the deposition rates of both materials needs to 
be performed first, so that a film of a particular composition can be deposited at a rate that is required 
at a given time. Figure 1.8 and Figure 1.9 show the deposition rates (the slopes of the curves) for DLC 
and stainless steel, respectively, as a function of deposition time. Since stainless steel shows a much 
higher ablation rate at the given laser power than graphite, much higher powers are used for graphite 
targets (3 W, 4 W, 5 W) than for stainless steel 316L (0.5 W, 0.75 W, 1 W) when generating deposition 
curves. As shown in Figure 1.8 and Figure 1.9, with this power split, comparable deposition rates are 
obtained. One thing to note is that for both materials the deposition rate is almost linear up to 30 
minutes and after that time it starts to decrease. This is especially true for the highest laser powers for 
both materials (5 W for the graphite target and 1 W for the stainless steel target), and we believe that 
this phenomenon is ascribed to the fact that after some time the target has been ablated too much and 
the laser beam has become slightly out of focus. 
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Figure 1.8 Deposition rate of DLC for 3, 4 and 5 W laser powers 
 
Figure 1.9 Deposition rate of stainless steel 316L for 0.5, 0.75 and 1.0 W laser powers 
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1.3.2. Plasma study 
 
To assist in optimizing the plasma mixing process, a high-speed imaging technique using an 
ICCD camera is employed. Figure 1.10 shows the expansion and merging of the two plasmas 
recorded by the ICCD camera gated (100 ns) at different delay times with respect to the laser pulse. 
Because the images were recorded with different ICCD gain settings, they provide only qualitative 
information on the plasma plume dynamics. Figure 1.10 presents ICCD camera images of the plasma 
plumes at 15, 30, 45 and 60 minutes into the process. In all cases, the carbon plasma looks much 
brighter and larger than that of stainless steel 316L. In fact, the stainless steel plasma is becoming 
smaller as the process goes on and almost disappears in Figure 1.10 (c) and (d). However, because we 
have split the beam in such a way that the ablation rates from the two targets are comparable, the 
actual plumes (carbon and stainless steel) must be comparable in size. Therefore, we believe that the 
stainless steel plume is mostly neutral (especially far from the ablation point) and looks just much 
smaller than it actually is. Note that a much higher laser power is used for the graphite target, so it is 
not surprising that the carbon plasma looks much brighter and larger. The ablated materials are ejected 
in the normal direction from the targets and provide the necessary material fluxes for film growth. 
 
 
Figure 1.10 ICCD camera images of plasma plumes taken at (a) 15 min, (b) 30 min, (c) 45 min 
and (d) 60 min into the deposition process 
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1.3.3. Power design 
 
Based on the obtained deposition rate curves for DLC and stainless steel 316L (Figure 1.8 and 
Figure 1.9), we have designed temporal laser power profiles for both graphite and stainless steel 
targets (Figure 1.11) for producing a FGDLC film. As shown in the figure, the laser power for 
graphite increases from 0 to 4 W linearly for 60 minutes, and after that the maximum power (4 W) is 
maintained for additional 15 minutes to build a pure (normal) DLC layer. On the contrary, the laser 
power for stainless steel deceases from 0.85 W to 0 for 60 minutes and it stays at 0 W while a pure 
DLC layer is being deposited for 15 minutes.  
 
 
Figure 1.11 Time varying laser powers for graphite and stainless steel 316L targets designed to 
build a FGDLC film 
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1.3.4. Thickness of FGDLC 
 
Figure 1.12 presents the thickness of the produced FGDLC film versus deposition time. To 
understand how the deposition rate changes with time, we have measured the film thickness at four 
intermediate times (15, 30, 45, and 60 minutes) and after the deposition process is completed (75 
minutes). As shown in the figure, the deposition rate is roughly constant up to around 30 minutes and 
starts to slowly decrease from there. This pattern is very similar to the individual deposition patterns 
of DLC and stainless steel given in Figure 1.8 and Figure 1.9, and we believe that it is due to the 
target ablation effects. 
 
 
Figure 1.12 Thickness of the FGDLC film vs. deposition time 
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1.3.5. Composition profile 
 
To investigate how the composition changes in the thickness direction, we performed an EDS 
analysis on the stainless steel 316 L target, the DLC film, and the FGDLC film after 15, 30, 45, 60 and 
75 minutes of deposition, respectively (Figure 1.13). Because the largest constituent of stainless steel 
is iron (Fe) and the graphite used is 99.999% carbon, we can estimate the composition of FGDLC by 
checking the atomic percentage (at%) of iron and carbon. For comparison purposes, a normal DLC 
film of thickness 400 nm has been separately fabricated by using a 4 W laser power for 60 minutes 
and its composition is given in Figure 1.13 (g). In order to understand the composition change more 
clearly, in Figure 1.14 the atomic percentage changes of carbon and iron are presented in the thickness 
direction starting from the stainless steel target (corresponding to Figure 1.13 (a)~(f)). 
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Figure 1.13 EDS analysis of composition for (a) stainless steel 316L and FGDLC after (b) 15, (c) 
30, (d) 45, (e) 60, and (f) 75 minutes of deposition and (g) normal DLC film 
17 
 
 
 
Figure 1.14 Atomic percentages (at%) of carbon and iron 
 
In Figure 1.14, the at% values at 0 nm are obtained for stainless steel 316L, and the two dashed 
horizontal lines are the at% values of carbon and iron for the normal DLC film, which are used as 
reference values. As clearly shown in Figure 1.14, as designed, the atomic percentage of carbon for 
FGDLC (black solid line) increases almost linearly up to 383 nm (45 minutes of deposition) and it 
saturates towards 67.61 at%, which is very close to the value for the normal DLC film (black dashed 
line). On the other hand, the atomic percentage of iron for FGDLC (red solid line) decreases almost 
linearly from 60.08 at% (which is the value for stainless steel) and it saturates towards 21.17 at%, 
which is also very close to the value for the normal DLC film (red dashed line). Therefore, the 
fabricated FGDLC film indeed has a gradient in composition as originally designed and the outer 
layer with a thickness of 53 nm (which has been built from 60 to 75 minutes) has the same quality as 
the normal DLC film. 
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1.3.6. Raman spectrum 
 
To investigate the quality of the FGDLC film, a Raman spectroscopic study has been conducted. 
Figure 1.15 and Figure 1.16 are Raman spectrums of stainless steel 316L and FGDLC, respectively. 
As shown in Figure 1.15, the Raman spectrum of stainless steel 316L shows a broad band centered 
around 500 cm-1. In the Raman spectrum of the FGDLC film, there is a broad band at 1530 cm-1 as 
well as a weak disorder peak at 1350 cm-1 and a weak broad band centered around 500 cm-1, the latter 
of which obviously comes from the stainless steel substrate. Judging from Figure 1.16, as expected, 
tetrahedral amorphous carbon (ta-C) is the major constituent of the FGDLC film and some stainless 
steel 316L also exists, which seems to be diffused from the substrate. As well known, ta-C is an 
amorphous carbon (a-C) with a significant fraction of sp3 (>70%) and DLC films have a broad peak 
centered around 1500-1550 cm-1.  
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Figure 1.15 Raman spectrum of stainless steel 316L 
 
 
Figure 1.16 Raman spectrum of FGDLC 
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1.3.7. Surface morphology 
 
We have also studied surface morphology of the FGDLC and DLC films using optical 
microscopy and scanning electron microscopy. As shown in Figure 1.17, in both cases surface quality 
is very good without any signs of spatters. This is one of the biggest advantages of picosecond laser 
pulsed laser deposition. Unlike the nanosecond excimer laser process with a high pulse energy (~1 J) 
and a very low repetition rate (~10 Hz), a low pulse energy and high repetition rate of the picosecond 
laser generates a small amount of high quality plasmas at a high frequency, which is ideal for 
producing a clean and smooth surface. Figure 1.18 is the SEM image of two DLC films with different 
laser source. As shown in Figure 1.18, FGDLC film with picosecond laser (Figure 1.18. a) is much 
clean than DLC film using KrF excimer laser (Figure 1.18.b). 
 
 
Figure 1.17 Optical microscope observation of surface morphology of (a) DLC and (b) FGDLC 
 
Figure 1.18 SEM image of (a) surface of FGDLC film, (b) DLC films on Si (100) substrate, 
deposited at 10 J cm−2 with 248 nm KrF excimer laser [9]. 
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1.3.8. Buckling and delamination of pure DLC 
 
One of the expected advantages of FGDLC is improved adhesion strength. Figure 1.19 shows 
optical microscope images of a normal DLC film when buckling occurs. This sinusoidal pattern is the 
same as what has been reported by Bell et al. [10] when they deposited DLC on a Ti-6Al-4V substrate. 
We have observed the buckling phenomenon when the DLC layer thickness exceeds about 400 nm, 
which is an indication of high internal stress in the DLC layer and poor adhesion strength. Buckling 
originates at the specimen edges, and propagates inwards. In Figure 1.20, a significantly delaminated 
DLC film is presented. Unlike this normal DLC film, however, no delamination has been observed for 
FGDLC films even when the film thickness is larger than 500 nm. We believe that much thicker and 
mechanically stable FGDLC films could be fabricated using the presented method. 
 
 
Figure 1.19 Optical micrograph showing a buckling pattern of DLC film on stainless steel 316L 
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Figure 1.20 SEM image of a delaminated DLC film on stainless steel 316L 
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1.3.9. sp3 fractions 
 
The sp3 fractions of DLC and FGDLC films are analyzed by using XPS and summarized in the 
first row of Table 1.1. The sp3 fraction data of DLC films fabricated by nanosecond laser (excimer 
laser) PLD are presented in the same table for comparison purposes. To understand the effects of laser 
power on the sp3 fraction, we have fabricated four pure DLC films using four different laser powers (1 
W, 2 W, 3 W and 4 W). The corresponding intensity values are 8.8x1010W/cm2, 1.8x1011W/cm2, 
2.6x1011W/cm2 and 3.5x1011W/cm2, respectively. As expected [11, 12], the sp3 fraction increases from 
40% to 44% as the laser intensity increase, but unlike the literature data, the increase in the sp3 
fraction is relatively small. As for FGLDC, the measured sp3 fraction of FGDLC is 43%, which lies in 
the above range for the pure DLC films. Note that,in the case of FGDLC films, because laser intensity 
changes with time and different laser intensity is used for each target, we have measured the sp3 
fraction of the FGDLC films fabricated using the optimal parameters presented earlier in this study. 
Compared with the excimer laser data, the sp3 fractions of the present work seems to be in the middle 
range. Note that the picosecond laser that we used in this study has very high peak intensity but has a 
very small laser power compared to a typical excimer laser, and we believe that this combination of 
high intensity and low pulse energy has partially contributed to this intermediate sp3 fraction values. 
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Figure 1.21 XPS spectra (C 1s) of (a) DLC films and (b) FGDLC films 
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Table 1.1 Measured sp3 fractions of pure DLC and FGDLC films with the sp3 fractions of DLC 
films fabricated by excimer lasers 
Laser Intensity/Energy density sp3 (%) Reference 
This work 
(λ=355 nm,τ=12 ps) 
8.8x1010 W/cm2 (1W) 
1.8x1011 W/cm2 (2W) 
2.6x1011 W/cm2 (3W) 
3.5x1011 W/cm2 (4W) 
FGDLC 
40 
42 
43 
44 
43 
 
KrF excimer laser 
(λ=248 nm,τ=12 ns) 
0.9x108 W/cm2 
5.0x108 W/cm2 
7.1x108 W/cm2 
>7.1x108 W/cm2 
33 
56 
60 
53 
[11, 12] 
KrF excimer laser 
(λ=248 nm,τ=23 ns) 
0.2 J/cm2 
3.5 J/cm2 
7.9 J/cm2 
26 
43 
56 
[13] 
KrF excimer laser 
(λ=248 nm,τ=20 ns) 
4 J/cm2 
8 J/cm2 
10 J/cm2 
11 J/cm2 
52 
60 
60 
62 
[14] 
ArF excimer laser 
(λ=193 nm,τ=20 ns) 
5 J/cm2 
7.5 J/cm2 
10 J/cm2 
35 
37 
64 
[15] 
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1.3.10. Scratch test for adhesion strength 
 
To understand the adhesion characteristics of the FGDLC film in more detail, a scratch test has 
been conducted using a scratch tester. Figure 1.22 shows a schematic view of the test. During the test, 
the critical load corresponding to the initial crack point can be obtained from the initial point of 
acoustic emission. However, because the acoustic emission value depends on test conditions, such as 
room condition and substrate roughness, optical imaging is a more reliable way to determine the 
critical load. In this test, the scratch length is 5 mm, the scratch speed is 11mm/min, and the normal 
load is increased linearly from 0 N to 50 N. The scratch test was conducted on both a normal DLC 
film and a FGDLC film. 
 
 
Figure 1.22 Schematic view of the scratch test 
 
Test results are presented in Figure 1.23 (normal DLC film) and Figure 1.24 (FGDLC film). As 
seen in the figures, the FGDLC film has a much higher critical load (47 N) than that of the pure DLC 
film (27 N). Also, as shown clearly in the optical images at the bottom of both figures, the DLC film 
is delaminated at around 13 N and peeled off severely from the scratched region. On the contrary, the 
FGDLC film seems not to suffer from this problem, and delamination is limited in a small region near 
the scratched region. Therefore, we believe that the FGDLC film has much higher adhesion strength 
than the normal DLC film. 
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Figure 1.23 Scratch test result of a normal DLC film on a stainless steel 316L substrate 
 
Figure 1.24 Scratch test result of a FGDLC film on a stainless steel 316L substrate 
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1.4. CONCLUSION 
 
In this study, we have fabricated mechanically stable functionally gradient DLC films with a 
more than 500 nm thickness on a stainless steel 316L substrate using a novel pulsed laser deposition 
technique. This FGDLC film shows much higher adhesion strength than the normal DLC films, and 
because the process is based on a 355 nm picosecond laser, the film quality and surface morphology is 
very good. The Raman spectrum is very close to that of ta-C. To the best of the authors’ knowledge, 
this is the first attempt to make a functionally gradient DLC film to improve the adhesion strength of 
DLC films. Furthermore, the presented method can be applied to other materials and applications with 
ease within the capacity of the pulsed laser deposition technique. 
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PART 2 
 
Picosecond Laser Interaction with Metals 
 
2.1. INTRODUCTION 
 
Two vaporization modes, evaporation and homogeneous boiling take place during laser ablation. In 
the vaporization modes, evaporation starts first and homogeneous boiling starts after evaporation. 
Generally, homogeneous boiling occurs near 90% of the critical temperature of each material [16]. 
Therefore, depending on properties of each material, ablation phenomena will be different. The object 
of this study is comparison for mass removal modes of different materials regarding difference 
between their boiling and critical temperature when laser beam irradiates the substrate. Also, in order 
to compare only effects of starting point of homogeneous boiling, we choose the appropriate materials 
that have similar properties without critical point. It has been reported that during homogeneous 
boiling, mass fluxes and energy fluxes evidently differ from evaporation [16]. Based on this study, 
real process is estimated. And we studied about nine different materials – titanium, vanadium, 
niobium, molybdenum, iron, nickel, copper, tungsten and rhenium. 
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2.2. EXPERIMENT 
 
2.2.1. Experimental setup 
 
For this study, fiber laser engine is used as the seed laser (Coherent Talisker 355-4). The laser 
irradiates three wavelengths – 1064nm, 532nm, and 355nm. The laser is operated at a 200 kHz 
repetition rate and 10 to 15 ps pulse width. 
Since we focused onto single pulse, repetition rate had been changed to 1 kHz by using the divided 
mode and 50 mm/s of scan speed are used. Therefore, the distance between each spot is 50 μm. 
Experimental parameters are listed in Table 2.1. 
 During the ablation experiment, argon (Ar) gas is used as a shield gas at the flow rate of 7 L/min to 
the work piece. 
 
2.2.2. Collection of properties 
 
 At first, many properties had to be found as many as possible to fulfill the objective of this study. We 
chose eighty elements from the periodic table, from number one to eighty. Because we thought that 
this amount of elements are good enough and over number eighty, those elements are rare and hard to 
handle. These properties are searched; Normal boiling temperature,    (K), Melting temperature,    
(K), Critical point temperature,     (K) (Figure 2.1), Liquid density,    (kg/m
3) (Figure 2.2), Solid 
density,    (kg/m
3), Surface tension, γ (N/m) (Figure 2.3), Latent heat of vaporization,    (kJ/kg) 
(Figure 2.4), Latent heat of fusion,    (kJ/kg), Liquid thermal conductivity,    (W/m-K), Solid 
thermal conductivity,    (W/m-K), Liquid constant-pressure specific heat,     (J/kg-K), Solid 
constant-pressure specific heat,     (J/kg-K), Laser beam absorptivity for flat surface, A (%). 
The discontinuous regions of each figure come from the carbon, which has two different properties 
and the others come from lack of data. 
 
2.2.3. Filtering of gaseous and liquid elements at room temperature 
 
 After finding these properties, we filtered thirteen elements among eighty elements, those are 
Hydrogen (H), Helium (He), Carbon (C), Nitrogen (N), Oxygen (O), Fluorine (F), Neon (Ne), 
Chlorine (Cl), Argon (Ar), Bromine (Br), Krypton (Kr), Xenon (Xe), Mercury (Hg). Since these 
elements not exist in solid form at room temperature and carbon exists two phase at room temperature. 
Finally, the elements are left only sixty-seven out of eighty elements. 
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2.2.4. Conversion of units 
 
 Next, in order to compare the elements easily, many properties had been converted as a SI unit. For 
specific heat we found values with (J/mol-K) as a unit, hence it had been converted into (J/kg-K) for 
SI unit. Latent heat for vaporization and fusion (kJ/mol) were converted into (kJ/kg). Surface tension 
was (dynes/cm), and converted into (N/m), density of solid and liquid (g/ml) were converted into (kg 
m-3). 
 
2.2.5. Selection of properties for grouping 
 
After searching all properties for sixty-seven elements, finding elements those have similar 
properties except critical point is the most important issue of this study. Because we can expect the 
different phenomena occurs where different point of homogeneous boiling temperature. Especially, 
five properties are chosen for comparison – boiling temperature (  ), laser absorptivity (A), latent 
heat of vaporization (  ), surface tension (γ), liquid diffusivity (  ). Next, we needed to prioritize 
these properties, depending on significance of each material. 
 
2.2.6. Rank order 
 
 In the laser processing, after reflection of laser radiation, remained energy is absorbed to the surface, 
   
 
 1. Heating up the solid to the melting temperature,   = m  Δ   
 2. Melting, which requires the latent heat of melting,   = m   
3. Heating up the molten material to the vaporization temperature,   = m  Δ   
4. Vaporization, which requires the latent heat of vaporization,   = m   
5. Energy lost by conduction, convection, and radiation,    
 
   is the specific heat (J/kg K),    is the latent heat of melting per unit mass (kJ/kg),    is the 
latent heat of vaporization per unit mass (kJ/kg), m is the mass (kg),    is the melting temperature 
(K),    is the vaporization temperature (K), Δ   =    -   , Δ   =    -   . 
Energy balance is    = m  Δ   + m   + m  Δ   + m   +   . [17] 
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Following this concept, we had rank ordered for selected five properties. 
 
1. Boiling temperature (  ) – After boiling temperature, vaporization begins to occur. The boiling 
temperature is used for reference point to compare starting point of homogeneous boiling 
temperature depending on critical point. Therefore the boiling temperature becomes top priority. 
2. Absorptivity (A) – Depending on absorptivity of different wavelength, amount of laser 
absorbance on the material will be different. Absorptivities of each wavelength are calculated by 
formula. For opaque materials, Reflectivity = 1 – absorptivity. The reflection coefficient for 
normal incidence in air (n = 1) calculated by using index of refraction, n, and the extinction 
coefficient, k. 
 =
(1 −  ) +   
(1 +  ) +   
 
For an opaque material such as a metal, the absorptivity, A is A = 1 – R, and it becomes, 
A =
4 
( + 1) +   
 
 To calculate the absorptivity, optical properties - index of refraction, n, and the extinction 
coefficient, k are needed. And in order to find properties accurately, those are calculated by 
linear interpolation with respect to each wavelength (355nm, 532nm, 1064nm) [17], but some 
materials have their optical properties as a form of energy. Therefore photon energy is needed to 
calculate with respect to each wavelength. 
E = hν = h
 
 
 
 Here, E is the photon energy (eV), h is the Planck’s constant (h: 6.626 × 10   J s), c is the 
velocity of light (3 × 10  m   ), λ is the wavelength. Then it becomes 3.49eV, 2.33eV and 
1.17eV for 355nm, 532nm and 1064nm respectively [18, 19]. 
3. Latent heat of vaporization (  ) – Latent heat of vaporization is proportional to the amount of 
energy absorbed during vaporization. During mass removal by vaporization, latent heat of 
vaporization determines the amount of removed mass. Therefore similar latent heat is preferred 
for comparison. And it decreases as the temperature or pressure increases and goes to zero at 
critical point. The values are found at their boiling points. 
4. Surface tension (γ) – Surface tension plays a role as making bubble inside the molten metals. 
Surface tension also decreases as the temperature or pressure increases and goes to zero at 
critical point. Surface tension is measured at their melting temperature [20]. 
5. Liquid diffusivity (  ) – 	x = √  , x is the extent of the heat-affected zone (HAZ) (m), α is the 
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thermal diffusivity (m2s-1), and it can be normally calculated by	α =
 
   
, t is the interaction time 
for conduction (s). [17] It is hard to define interaction time since it is too short, for ultra-short 
pulse laser system, the effect of thermal conduction is too small. But actually when laser interact 
with the material, it will be melted since temperature goes up beyond the melting temperature, 
even beyond the boiling temperature rapidly. Hence, properties for liquid are used.    is the 
liquid diffusivity, 
  =
  
     
 
 and it is obtained from    is the thermal conductivity of liquid at melting temperature (W/m-k), 
   is the liquid density beyond their melting point (kg/m
3),     is the specific heat for liquid 
(J/kg-K). The reason why liquid state is chosen is in the vaporization occurs beyond the boiling 
temperature. As we seen in Table 2.2, the order of liquid diffusivity is negligibly small. 
 
2.2.7. Grouping 
 
After finding all these properties, grouping should have done to find appropriate materials for 
comparison. Put the every property and filtered with respect to the boiling temperature of each 
material. Here average point becomes a standard point of deviation and the deviation is ± 10%. Next 
the absorptivities for each wavelength (355nm, 532nm, 1064nm) are filtered with value of ± 20% 
deviation. Thirdly, the latent heat of vaporization is filtered with value of ± 30% deviation. Finally, the 
surface tension is filtered with value of ± 40% deviation. The liquid diffusivity is neglected since it 
has too small values. After these processes several materials were remained. Remained materials had 
to be grouped together by similar properties except critical point. 
At first, five groups are chosen, but a group containing Dysprosium (Dy), Erbium (Er) is excluded 
since those elements have not that difference between boiling temperature and critical temperature 
compare to other elements (Dy: 5721.5 K, Er: 6573.25 K). Finally, four groups are remained those are 
group 1: Titanium (Ti), Vanadium (V), group 2: Niobium (Nb) and Molybdenum (Mo), group 3: 
Chromium (Cr), Iron (Fe), Cobalt (Co), Nickel (Ni), Copper (Cu), group 4: Tantalum (Ta), Tungsten 
(W), Rhenium (Re), Osmium (Os). 
 
 Group 1: Titanium (Ti) and Vanadium (V) deviate from their reference point, for the boiling 
temperature they are within ± 2% of 3607 K, for the latent heat of vaporization they are within ± 1% 
of 8940 (kJ/kg) and for the surface tension they are within ± 6% of 1.77 (N/m). Also for absorptivities 
are conducted. At 355nm they are within ± 15% of 48.8%, for 532nm they are within ±4.5% of 48.9% 
and for 1064nm they are within ± 4.5% of 42.9%. Plus, their difference of boiling temperature and 
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critical temperature is quite large (Ti: 2840 K, V: 7645 K). 
 
 Group 2: Niobium (Nb) and Molybdenum (Mo) also have their deviation. For the boiling 
temperature they are within ± 2% of 4965 K, for the latent heat of vaporization they are within ± 8% 
of 6930 (kJ/kg) and for the surface tension they are within ± 5% of 2.0 (N/m). Also for absorptivities 
are conducted. At 355nm they are within ± 11% of 51%, for 532nm they are within ± 9% of 45.5% 
and for 1064nm they are within ± 23% of 24.9%. This group also has large difference between boiling 
temperature and critical temperature (Nb: 12887 K, Mo: 4708 K). 
 
 Group 3: Among these five elements – Chromium (Cr), Iron (Fe), Cobalt (Co), Nickel (Ni), Copper 
(Cu), filtering has been executed. They have ± 7% deviation for reference boiling temperature (3018 
K), ± 17% deviation for reference latent heat of vaporization (5628 kJ/kg), ± 19% deviation for 
reference surface tension (1.61 N/m), and at 355nm they are within ± 26% of 46.1%, for 532nm they 
are within ± 13% of 38.4% and for 1064nm they are within ± 88% of 19.9% with respect to their 
absorptivity. Among elements of this group, only three elements are chosen; Fe, Ni, Cu. Because 
chromium and iron have similar properties, cobalt and nickel are also similar. 
 After filtering chromium and cobalt, deviation process is conducted again, ± 8% deviation for 
reference boiling temperature (3051 K), ± 18% deviation for reference latent heat of vaporization 
(5749 kJ/kg), ± 21% deviation for reference surface tension (1.67 N/m), and at 355nm they are within 
± 17% of 53.17%, for 532nm they are within ± 7% of 40.66% and for 1064nm they are within ± 88% 
of 21.84%. At 1064nm, copper is not good for comparison since its very low absorptivity (2.75 %). 
 
Group 4: Firstly, four elements are selected: Tantalum (Ta), Tungsten (W), Rhenium (Re), and 
Osmium (Os). These elements have ± 6% deviation for reference boiling temperature (5577 K), ± 8% 
deviation for reference latent heat of vaporization (4084 kJ/kg), ± 13% deviation for reference surface 
tension (2.33 N/m), About absorptivity, at 355nm they are within ± 17% of 48.8%, for 532nm they are 
within ± 11% of 56.9%. Tantalum and Osmium are excluded since they are hard to buy and lack of 
information of properties. Therefore, this group is reduced to two elements – tungsten, rhenium. 
 
The surface morphology of the hole is investigated using optical microscopy and scanning electron 
microscope (SEM) after experiment. 
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Table 2.1 Experimental parameters 
Material 
Laser 
Wavelength 
(nm) 
Absorptivity 
Absorbed 
Laser 
Power 
(W) 
Average 
Power  
(W) 
Pulse 
Energy 
(uJ) 
Beam 
Diameter 
(um) 
Max Pulse 
Energy 
Density 
(J/cm2) 
Peak 
Laser Intensity 
(W/cm2) 
Absorbed Peak 
Laser Intensity 
(W/cm2) 
Ti 
355 0.558 
1.92 3.441 17.20 7 89.41 7.451E+12 4.158E+12 
0.96 1.720 8.60 7 44.70 3.725E+12 2.079E+12 
0.48 0.860 4.30 7 22.35 1.863E+12 1.039E+12 
0.12 0.215 1.08 7 5.59 4.657E+11 2.598E+11 
0.03 0.054 0.27 7 1.40 1.164E+11 6.496E+10 
532 0.509 
1.92 3.772 18.86 7 98.02 8.168E+12 4.158E+12 
0.96 1.886 9.43 7 49.01 4.084E+12 2.079E+12 
0.48 0.943 4.72 7 24.50 2.042E+12 1.039E+12 
0.12 0.236 1.18 7 6.13 5.105E+11 2.598E+11 
0.03 0.059 0.29 7 1.53 1.276E+11 6.496E+10 
V 
355 0.419 
1.92 4.582 22.91 7 119.07 9.922E+12 4.158E+12 
0.96 2.291 11.46 7 59.53 4.961E+12 2.079E+12 
0.48 1.146 5.73 7 29.77 2.481E+12 1.039E+12 
0.12 0.286 1.43 7 7.44 6.202E+11 2.598E+11 
0.03 0.072 0.36 7 1.86 1.550E+11 6.496E+10 
532 0.469 
1.92 4.094 20.47 7 106.38 8.865E+12 4.158E+12 
0.96 2.047 10.23 7 53.19 4.432E+12 2.079E+12 
0.48 1.023 5.12 7 26.59 2.216E+12 1.039E+12 
0.12 0.256 1.28 7 6.65 5.540E+11 2.598E+11 
0.03 0.064 0.32 7 1.66 1.385E+11 6.496E+10 
Fe 
355 0.443 
1.92 4.334 21.67 7 112.62 9.385E+12 4.158E+12 
0.96 2.167 10.84 7 56.31 4.692E+12 2.079E+12 
0.48 1.084 5.42 7 28.15 2.346E+12 1.039E+12 
0.12 0.271 1.35 7 7.04 5.866E+11 2.598E+11 
0.03 0.068 0.34 7 1.76 1.466E+11 6.496E+10 
532 0.433 
1.92 4.434 22.17 7 115.22 9.602E+12 4.158E+12 
0.96 2.217 11.09 7 57.61 4.801E+12 2.079E+12 
0.48 1.109 5.54 7 28.80 2.400E+12 1.039E+12 
0.12 0.277 1.39 7 7.20 6.001E+11 2.598E+11 
0.03 0.069 0.35 7 1.80 1.500E+11 6.496E+10 
Ni 
355 0.573 
1.92 3.351 16.75 7 87.07 7.256E+12 4.158E+12 
0.96 1.675 8.38 7 43.53 3.628E+12 2.079E+12 
0.48 0.838 4.19 7 21.77 1.814E+12 1.039E+12 
0.12 0.209 1.05 7 5.44 4.535E+11 2.598E+11 
0.03 0.052 0.26 7 1.36 1.134E+11 6.496E+10 
532 0.399 
1.92 4.812 24.06 7 125.04 1.042E+13 4.158E+12 
0.96 2.406 12.03 7 62.52 5.210E+12 2.079E+12 
0.48 1.203 6.02 7 31.26 2.605E+12 1.039E+12 
0.12 0.301 1.50 7 7.81 6.512E+11 2.598E+11 
0.03 0.075 0.38 7 1.95 1.628E+11 6.496E+10 
Cu 355 0.580 
1.92 3.310 16.55 7 86.02 7.168E+12 4.158E+12 
0.96 1.655 8.28 7 43.01 3.584E+12 2.079E+12 
0.48 0.828 4.14 7 21.50 1.792E+12 1.039E+12 
0.12 0.207 1.03 7 5.38 4.480E+11 2.598E+11 
0.03 0.052 0.26 7 1.34 1.120E+11 6.496E+10 
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532 0.388 
1.92 4.948 24.74 7 128.58 1.072E+13 4.158E+12 
0.96 2.474 12.37 7 64.29 5.358E+12 2.079E+12 
0.48 1.237 6.19 7 32.15 2.679E+12 1.039E+12 
0.12 0.309 1.55 7 8.04 6.697E+11 2.598E+11 
0.03 0.077 0.39 7 2.01 1.674E+11 6.496E+10 
Nb 
355 0.565 
1.92 3.398 16.99 7 88.30 7.358E+12 4.158E+12 
0.96 1.699 8.50 7 44.15 3.679E+12 2.079E+12 
0.48 0.850 4.25 7 22.08 1.840E+12 1.039E+12 
0.12 0.212 1.06 7 5.52 4.599E+11 2.598E+11 
0.03 0.053 0.27 7 1.38 1.150E+11 6.496E+10 
532 0.494 
1.92 3.887 19.43 7 100.99 8.416E+12 4.158E+12 
0.96 1.943 9.72 7 50.50 4.208E+12 2.079E+12 
0.48 0.972 4.86 7 25.25 2.104E+12 1.039E+12 
0.12 0.243 1.21 7 6.31 5.260E+11 2.598E+11 
0.03 0.061 0.30 7 1.58 1.315E+11 6.496E+10 
Mo 
355 0.457 
1.92 4.201 21.01 7 109.17 9.097E+12 4.158E+12 
0.96 2.101 10.50 7 54.58 4.549E+12 2.079E+12 
0.48 1.050 5.25 7 27.29 2.274E+12 1.039E+12 
0.12 0.263 1.31 7 6.82 5.686E+11 2.598E+11 
0.03 0.066 0.33 7 1.71 1.421E+11 6.496E+10 
532 0.417 
1.92 4.604 23.02 7 119.64 9.970E+12 4.158E+12 
0.96 2.302 11.51 7 59.82 4.985E+12 2.079E+12 
0.48 1.151 5.76 7 29.91 2.493E+12 1.039E+12 
0.12 0.288 1.44 7 7.48 6.231E+11 2.598E+11 
0.03 0.072 0.36 7 1.87 1.558E+11 6.496E+10 
W 
355 0.513 
1.92 3.743 18.71 7 97.25 8.104E+12 4.158E+12 
0.96 1.871 9.36 7 48.63 4.052E+12 2.079E+12 
0.48 0.936 4.68 7 24.31 2.026E+12 1.039E+12 
0.12 0.234 1.17 7 6.08 5.065E+11 2.598E+11 
0.03 0.058 0.29 7 1.52 1.266E+11 6.496E+10 
532 0.507 
1.92 3.787 18.93 7 98.40 8.200E+12 4.158E+12 
0.96 1.893 9.47 7 49.20 4.100E+12 2.079E+12 
0.48 0.947 4.73 7 24.60 2.050E+12 1.039E+12 
0.12 0.237 1.18 7 6.15 5.125E+11 2.598E+11 
0.03 0.059 0.30 7 1.54 1.281E+11 6.496E+10 
Re 
355 0.497 
1.92 3.863 19.32 7 100.38 8.365E+12 4.158E+12 
0.96 1.932 9.66 7 50.19 4.183E+12 2.079E+12 
0.48 0.966 4.83 7 25.10 2.091E+12 1.039E+12 
0.12 0.241 1.21 7 6.27 5.228E+11 2.598E+11 
0.03 0.060 0.30 7 1.57 1.307E+11 6.496E+10 
532 0.517 
1.92 3.714 18.57 7 96.50 8.042E+12 4.158E+12 
0.96 1.857 9.28 7 48.25 4.021E+12 2.079E+12 
0.48 0.928 4.64 7 24.12 2.010E+12 1.039E+12 
0.12 0.232 1.16 7 6.03 5.026E+11 2.598E+11 
0.03 0.058 0.29 7 1.51 1.257E+11 6.496E+10 
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Figure 2.1 Boiling temperature, melting temperature, and critical temperature [20]. 
 
Figure 2.2 Liquid density [20]. 
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Figure 2.3 Surface tension [20]. 
 
Figure 2.4 Latent heat of vaporization [20]. 
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Table 2.2 Properties 
 Symbol Ti V Nb Mo Cr Fe Co Ni Cu Ta W Re 
Boiling temperature (K)[20]    3560 3653 5017 4912 2944 3133 3200 3186 2835 5731 5828 5869 
Melting temperature (K) [20]    1941 2190 2750 2896 2180 1811 1768 1728 1357.8 3290 3695 3459 
Critical point temperature (K) [20]     6400 11325 17904.1 9620 8560.93 9340 7398.48 6986.15 5123 19900.9 14756 21482.8 
Solid density (kgm-3) [20]    4506 6064.6 8570 10200 7150 7870 8860 8900 8960 16400 19300 20800 
Liquid density (kgm-3) [20]    4110 5500 7830 9330 6460 7109 7540 7595 7690 15000 17700 18900 
Surface tension (N/m) [20] γ 1.67 1.86 1.94 2.08 1.85 1.8 1.90 1.80 1.32 2.05 2.31 2.61 
Latent heat of vaporization 
(kJ/kg) [20] 
   8878.8 9001.1 7425.8 6431.1 6529.3 6088.3 6397.1 6431.8 4727.3 4049.7 4388.1 3780.7 
Latent heat of fusion 
(kJ/kg) [20] 
   295.6 422 322.9 390.7 403.9 247.3 274.9 297.8 203.5 202.1 284.5 324.5 
Solid thermal conductivity 
(W/m-K) [21] 
   21.4 30.7 53.7 138.1 93.9 80.4 100.3 90.9 401.2 57.5 169.8 47.9 
Liquid thermal conductivity 
(W/m-K) [21] 
   31 43.5 62 72 35 40.3 36 60 166 58 70.5 55 
Liquid diffusivity (m2s-1)    
7.71
× 10   
8.64
× 10   
2.20
× 10   
1.97
× 10   
7.16
× 10   
6.88
× 10   
6.95
× 10   
1.19
× 10   
4.18
× 10   
1.67
× 10   
2.06
× 10   
1.30
× 10   
Solid constant-pressure specific heat 
(J/kg-K) [22] 
    523 489 265 251 449 449 421 444 385 140 132 137 
Liquid constant-pressure specific 
heat (J/kg-K) [23] 
    977.7 907.0 360.3 392.5 756.4 824.1 687.2 663.0 516.2 231.2 193.5 224.7 
Laser beam absorptivity for flat 
surface (355nm) [18, 19] 
   55.72 41.85 56.5 45.71 34.26 44.31 45.71 57.25 57.96 56.78 51.27 49.68 
Laser beam absorptivity for flat 
surface (532nm) [18, 19] 
   50.88 46.9 49.39 41.68 33.44 43.3 34.83 39.92 38.77 63.07 50.66 51.7 
Laser beam absorptivity for flat 
surface (1064nm) [18, 19] 
   44.62 41.19 19.28 30.48 36.94 35.33 23.8 27.44 2.75 11.9 39.75 37.11 
   −    (K)  2840 7645 12887 4708 5617 6116 4198 3800 2288 14170 8928 15614 
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2.3. RESULTS AND DISCUSSION 
 
2.3.1. 355 nm wavelength 
 
2.3.1.1. Group 1: Titanium, Vanadium 
 
Figure 2.5 and Figure 2.6 show the morphology of titanium and vanadium when different powers are 
absorbed. The only difference between titanium and vanadium is difference boiling and critical point 
(titanium: 2840 K and vanadium: 7645 K). From the Figure 2.5 and Figure 2.6, mechanism of 
ablation is changed from melting to explosive boiling as the intensity goes up. 
At highest absorbed power (1.92 W) there is no difference between titanium and vanadium. And the 
size of debris of titanium is smaller than that of vanadium, plus, the surface of vanadium shows a 
relatively smooth compared to titanium. 
At 0.48 W and 0.96W absorbed power, titanium seems much ablated than vanadium. At lowest 
absorbed power (0.03 W), difference between titanium and vanadium is clear. Morphology of titanium 
looks like explosive boiling, but morphology of vanadium is close to melting. 
And also two materials have similar step like melted patterns. 
For vanadium, except the highest absorbed power the mechanism of ablated surfaces is close to 
melting. 
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Figure 2.5 SEM images for absorbed power (a) Titanium (b) Vanadium at 355 nm wavelength 
 
Figure 2.6 SEM images of bottom surface for absorbed power (a) Titanium (b) Vanadium at 355 
nm wavelength 
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2.3.1.2. Group 2: Iron, Nickel and Copper 
 
 Among the iron, nickel and copper, the difference between critical point and boiling point of copper 
(2288 K) is the smallest and the copper shows a totally different structure. Nickel possesses the 
second difference of between critical point and boiling point (3800 K), there are more bubbles at the 
surface of nickel than that of iron, which possesses the largest difference of between critical point and 
boiling point (6116 K) 
 The surface of iron seems melted through every power, but nickel starts phase shift from its highest 
absorbed power. Unlike iron and nickel, structure of copper different from the lowest absorbed power. 
Even though copper has lowest surface tension (1.32 N/m) and enthalpy of vaporization at boiling 
point (4727.3 kJ/kg), it is clear that the copper is suffered from another mass removal mechanism 
compared to iron and nickel. 
 As well known, melting is most effective mass removal modes so the largest amount of mass of iron 
is removed. For copper, the amount of removed mass is lowest among three materials. 
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Figure 2.7 SEM images for absorbed power (a) Iron (b) Nickel and (c) Copper at 355 nm 
wavelength 
 
Figure 2.8 SEM images of bottom surface for absorbed power (a) Iron (b) Nickel and (c) Copper 
at 355 nm wavelength 
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2.3.1.3. Group 3: Niobium, Molybdenum 
 
Unlike other materials it seems that niobium (difference between critical and boiling point, 12887 K) 
looks like much ablated than molybdenum (difference between critical and boiling point, 4708 K). 
But two materials show similar morphology but molybdenum possesses a more bubbles at the bottom 
surface. At 0.12 W absorbed power molybdenum shows some bubble on the ablated surface, while 
there is no bubble at niobium surface. But, all surface morphologies of niobium seem much more 
reacted than molybdenum. The morphology of molybdenum is close to melting. 
 
 
Figure 2.9 SEM images for absorbed power (a) Niobium (b) Molybdenum at 355 nm wavelength 
 
Figure 2.10 SEM images of bottom surface for absorbed power (a) Niobium (b) Molybdenum at 
355 nm wavelength 
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2.3.1.4. Group 4: Tungsten, Rhenium 
 
 Figure 2.11 and Figure 2.12 show the differences between tungsten and rhenium clearly. Ablated 
region of tungsten is larger than that of rhenium and there are more bubbles at tungsten than rhenium. 
Latent heat of vaporization of this group is lowest (Tungsten: 4388.1 kJ/kg, Rhenium: 3780.7 kJ/kg), 
therefore the amount of removed mass during ablation, is larger than other groups. 
Comparing the liquid diffusivity (  ), tungsten possesses 2.06×10
-5 m2/s, which larger than that of 
rhenium (1.30×10-5 m2/s). Therefore, HAZ (Heat affected zone) of tungsten is larger than rhenium. 
 
 
Figure 2.11 SEM images for absorbed power (a) Tungsten (b) Rhenium at 355 nm wavelength 
 
Figure 2.12 SEM images of bottom surface for absorbed power (a) Tungsten (b) Rhenium at 355 
nm wavelength 
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2.3.2. 532 nm wavelength 
 
2.3.2.1. Group 1: Titanium, Vanadium 
 
 Unlike 355 nm wavelength, the difference of morphology between titanium and vanadium is 
relatively small. Two materials are similar pattern, but titanium has more bubbles and fine particles at 
the bottom surface. And the lowest power two materials show the difference, titanium shows the 
evidence of boiling while vanadium seems melted. 
Plus, the size of debris of titanium is smaller than that of vanadium and the average debris size 
decreases as the intensity goes up. 
 
 
Figure 2.13 SEM images for absorbed power (a) Titanium (b) Vanadium at 532 nm wavelength 
 
Figure 2.14 SEM images of bottom surface for absorbed power (a) Titanium (b) Vanadium at 
532 nm wavelength 
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2.3.2.2. Group 2: Iron, Nickel and Copper 
 
 All surface morphologies of iron are melted, nickel is close to iron surface but nickel shows more 
bubbles at the surface. And at 0.12 W absorbed power, iron seems melted but nickel shows evidence 
of boiling. Unlike iron and nickel, copper shows totally different structure and larger bubbles. 
 From this 532 nm wavelength, the pattern of each material is close to results of 355 nm wavelength. 
And also iron and nickel have a step like melted region at the edge of ablated area. 
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Figure 2.15 SEM images for absorbed power (a) Iron (b) Nickel and (c) Copper at 532 nm 
wavelength 
 
Figure 2.16 SEM images of bottom surface for absorbed power (a) Iron (b) Nickel and (c) 
Copper at 532 nm wavelength 
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2.3.2.3. Group 3: Niobium, Molybdenum 
 
 Like 355 nm wavelength, molybdenum is close to melting but niobium is close to boiling even 
though they have similar melting and boiling point. 
 As seen in Figure 2.17 and Figure 2.18, melting is dominant for molybdenum and molybdenum 
possesses more smooth surface than that of niobium. The morphology of niobium at 0.12 W absorbed 
power, it is close to that of copper. 
 And the size of bubbles of niobium is larger than molybdenum. 
 
 
Figure 2.17 SEM images for absorbed power (a) Niobium (b) Molybdenum at 532 nm 
wavelength 
 
Figure 2.18 SEM images of bottom surface for absorbed power (a) Niobium (b) Molybdenum at 
532 nm wavelength 
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2.3.2.4. Group 4: Tungsten, Rhenium 
 
 Like 355 nm wavelength, tungsten and rhenium show the difference clearly. Tungsten shows large 
bubbles while rhenium possesses fine bubbles at their surface. And the surface of rhenium shows 
some evidences of recrystallization. 
 At this 532 nm wavelength, tungsten and rhenium are less ablated than 355 nm wavelength since the 
photon energy of 532 nm is lower than 355 nm and the spot size is slightly larger than 355 nm 
wavelength. 
 And shape of 0.96 W absorbed power for tungsten shows similar with that of copper. 
 
 
Figure 2.19 SEM images for absorbed power (a) Tungsten (b) Rhenium at 532 nm wavelength 
 
Figure 2.20 SEM images of bottom surface for absorbed power (a) Tungsten (b) Rhenium at 532 
nm wavelength 
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2.4. CONCLUSION 
 
 Ablation for nine materials is studied for 355 nm and 532 nm wavelength, from this study every 
material has different morphology due to its own properties and absorptivity. 
And mass removal mechanism is changed from melting to vaporization as the intensity goes up. 
From this experiment, we studied the tendency of mass removal mechanism with respect to 
properties of each material and different intensity and wavelength. 
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3. FUTURE WORK 
 
PART 1 
 
Since we didn’t make micro thick FGDLC films, making a micrometer thickness of FGDLC is 
needed for real joint prosthesis. Also, we designed and made a liner composition profile for FGDLC, 
but our system can make another composition profile whatever we want. Therefore, changing 
composition profiles need to be conducted for FGDLC. 
We used only 355 nm wavelength for making FGDLC in spite of lower power than visible and 
infrared. Therefore, more experiments are needed to verify the effects of laser wavelengths for 
FGDLC films with 532 nm, 1064 nm wavelengths. 
 
PART 2 
 
Every spot should be same diameter at three different wavelengths. But spot size at 1064 nm 
wavelength is not same as 532 nm and 355 nm wavelengths due to optical setup and laser power. 
Therefore, experiment for 1064 nm wavelength is not conducted and it should be done as soon as 
possible. 
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